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A B S T R A C T
The analysis of an abnormal crack of a forging plate is presented in this work. The crack
was found after forging process. Macro-analysis, SEM, composition inspection, metallo-
graphic analysis, inclusion analysis, EPMA and EDS were implemented. SEM shows that
cleavage fracture is the main feature of the fracture surface, according to which it can be
decided that the fracture is brittle fracture. XRF and carbon and sulphur analyzer indicate
regular composition condition of the plate. EPMA and EDS suggest phosphorus segregation
spread a lot around the crack. The results indicate that: brittleness caused by phosphorus
segregation around crack zone is the main reason that cracks generate in the 12Cr13 steel
during forging. As all we know, phosphorus has deleterious effect on toughness of steel
because of its enrichment on grain boundaries, which can weaken the bond strength of
grain boundary. Its existence should be avoided and microstructure of the steel should be
homogeneous when good plasticity and toughness are wanted.
 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Forging offers potential savings in energy and material, especially in medium and large production quantities, where tool
costs can be easily amortized. In addition, for a given weight, parts produced by forging exhibit better mechanical and
metallurgical properties and reliability than those manufactured by casting or machining [1]. However, there are kinds of
failure cases that can happen during forging, such as surface cracks, pouring laps and gross piping. Causes for forging failure
are mainly attributed to forging process, fatigue and hydrogen damage [2].
There are essentially four principal fracture modes [3]: dimple rupture, cleavage, fatigue, and decohesive rupture, among
which, dimple rupture is mainly caused by overload and the fracture exhibits numerous cuplike depressions; cleavage is a
low-energy fracture that propagates along low-index crystallographic planes feature as cleavage steps, river patterns,
feather markings, chevron (herringbone) patterns, and tongues; fatigue fracture is the result of cyclic loading and occurs in
three stages: initiation, propagation and fracture, each of which has its own characteristic on the fracture surface; decohesive
rupture is generally rupture along grain boundaries caused by segregation of such elements as hydrogen, sulphur,
phosphorus, antimony, arsenic, and carbon or by the halide ions, or by the routes of penetration by the low melting point
metals, such as gallium, mercury, cadmium and tin.* Corresponding author. Tel.: +86 15053168760.
E-mail address: guowm1808@hotmail.com (W.-m. Guo).
http://dx.doi.org/10.1016/j.csefa.2015.10.002
2213-2902/ 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
W.-m. Guo et al. / Case Studies in Engineering Failure Analysis 4 (2015) 94–99 95Phosphorus is known for intergranular segregation which can lead to lower grain boundary cohesion of steels [4]. For
ferrite or martensitic steels, this segregation at grain boundary can lead in much stronger brittleness [5].
The intention of the work was to judge when and why this 12Cr13 stainless steel cracked.
2. Background
The plate was produced and hot forged by a steel company. Forging process was carried out as following: start-forging
temperature was 1150 8C and ﬁnish-forging temperature was 850 8C. When forging process was ﬁnished, annealing process
was carried out. The crack was found several days after that when the buyer received the plate. It was the user’s
authorization that we do failure analysis for the failure 12Cr13 steel plate. The size of the plate we received is like
200 mm  200 mm  30 mm. The crack is shown in Fig. 1(a) and it crosses the plate. The plate shown is cut from a forging
ingot and the crack is about 1.5 in. in depth as shown in Fig. 1(b).
3. Experimental procedures
Chemical analysis, visual inspection, fractography, metallographic analysis were used for the analysis. The plate’s
chemical analysis was carried out via X-ray ﬂuorescence (XRF); fractography was performed by using a scanning electron
microscopy (Zeiss Supra 55); for the metallography, the samples were polished and etched (aqua regia) and observed on an
optical microscopy (Zeiss Axio Observer A1m); EDS (Oxford INCAx-act) and EPMA (Shimadzu EPMA-1600) were used to
analyze the micro-zone composition and element mapping.
4. Results
4.1. Fractography
Fractographic evaluation constitutes a powerful analytical technique dedicated to identify the fracture mechanism(s) in
the context of failure analysis of machine components [6]. The overall view of the fracture surfaces observing by SEM of the
forging plate is presented in Fig. 2. Fractography characteristics shown in Fig. 2(b) indicate the intergranular feature and
cleavage feature of the fracture surface, which means it is brittle fracture. Cleavage fracture is a transgranular, low-energy
fracture that occurs primarily by separation of atomic bonds on low-index atomic planes [7].
4.2. Metallographic analysis
A sample was cut from the plate fracture zone. This sample was metallographically prepared and observed in an optical
microscope, in no etched and etched conditions. The microstructure, without etching, revealed low quantity of defects such
as micro-pores and non-metallic inclusions, as shown in Fig. 3.
The microstructures shown in Fig. 4(a) and (b) revealed ferrite and dots of (Cr, Fe)23C6 type carbides. No decarburization
was observed on both sides of the crack. Since quenching crack characteristics of the organizations on both sides without
decarburization phenomenon is the signiﬁcant difference from materials crack and forging cracks [8], the crack displayed on
the forging plate is cold crack. Lots of segregation bands distribute in the crack zone on both sides.Fig. 1. Crack position and depth in the forging plate
Fig. 2. Fractography characteristics of forging plate.
Fig. 3. Optical microstructure of inclusions.
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Measured and speciﬁed compositions of the plate are shown in Table 1. It can be seen the overall composition of the
forging plate is in accordance with the standard value [9].
Fig. 4. Metallography structures of forging plate: (a) and (b) metallography from optical analyzer; (c) and (d) metallography from SEM; (e) and (f) EDS
results for points in (d).
Table 1
Chemical composition of the forging plate, wt.%.
Material C S Si Mn P Cr Ni Cu
Obtained 0.14 0.0019 0.79 0.68 0.019 12.85 0.59 0.014
Expected 0.15 0.030 1.00 1.00 0.040 11.50–13.50 0.60 –
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Fig. 4 (c) and (d) shows the (c) and (d) metallography from SEM and EDS results for points in Fig. 4(d) are as shown in (e)
and (f). It is indicated that the segregation (point 1 in Fig. 4(d)) has high level of P element included and no P is found in the
matrix structure (point 2 in Fig. 4(d)).
The distributions of composition were examined respectively by using electron probe microanalysis (EPMA-1600), as
shown in Fig. 5. It is obvious that there is phosphorus segregation in the failed steel.
Fig. 5. Distributions of composition nearby the crack.
Fig. 6. Dynamic tear energy versus temperature to show effect of increasing phosphorous content in ferritic ductile irons.
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It can be seen from the experimental results that total composition of the steel plate is in accordance with GB/T 1220-2007
stainless steel bars, and optical microstructure show ferrite and dots of carbides, which is normal in forging state. However,
optical microstructure and SEM also indicate element segregation around crack zone, which turns out to be P segregation
tested by EDS and EPMA. It is illustrated above that phosphorus harms ductility by segregating to grain boundaries. It can be
seen from Fig. 6 that increasing phosphorus reduces impact energy and raises the nil-ductility transition temperature
[10]. The transition temperature is signiﬁcantly affected by phosphorus and/or silicon content, but is affected little by other
elements present within the normal variations in composition. During forging or rolling, phase transformation (g ! M)
happens, which can cause volume stress large enough for cracks. Full annealing is required to soft the steel for machining.
6. Conclusions
This forging 12Cr13 stainless steel is caused by phosphorous segregation. Phosphorous segregation weakens the bond
strength of grain boundary and crack initiates from phosphorous segregation grain boundary when forging. It is important to
W.-m. Guo et al. / Case Studies in Engineering Failure Analysis 4 (2015) 94–99 99dephosphorizing the steel and uniform the structure. Full annealing process, suitable temperature schedule and reduction
range are suggested to soft the steel and relief phase transformation (g ! a) stress, which can make the steel easy to process
and avoid cracks [11].
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